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This paper describes the building damage incurred during the 2011 off the Paciﬁc coast of Tohoku Earthquake in relation to ground
motion characteristics. First, with regard to the long-duration ground motion, the damage of a base-isolation building is described.
The damage to the 8–9-story buildings in the Aobayama campus of Tohoku University, in a hilly zone, is also described in relation to
site-speciﬁc ground motion ampliﬁcation. As speciﬁc building damage, pile foundation damage is described. The ceiling board drop
damage is also presented as an example of non-structural element damage. Finally, the lessons learnt from the earthquake in terms of
building damage are summarized.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V.
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A major earthquake occurred in the Paciﬁc Ocean off the
coast of Miyagi, Japan on March 11, 2011 and caused huge
physical damage and loss of life. The moment magnitude of
this earthquake, at 9.0, is the largest recorded in Japan since
modern seismograms became available. The fault plane has
dimensions of 450 km by 200 km. The earthquake was
followed by many aftershocks and also induced some other
earthquakes.12 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.11.012
ng author.
sses: motosaka@irides.tohoku.ac.jp (M. Motosaka),
ta-u.ac.jp (K. Mitsuji).
nder responsibility of The Japanese Geotechnical Society.The huge earthquake caused not only tremendous tsunami
damage but also structural damage due to the severe ground
motion which continued for such a long duration. This
earthquake has been named the 2011 off the Paciﬁc coast of
Tohoku Earthquake (indicated as ‘‘the 2011 Tohoku earth-
quake’’ in the following sections). The authors investigated
the observed high acceleration records with PGA of 2700 cm/
s2 and the corresponding JMA seismic intensity 7 (instru-
mental intensity: 6.6) at the K-NET Tsukidate (MYG004)
station in relation to the surrounding building damage
(Motosaka and Tsamba, 2011) and have suggested that the
setting of the instruments at the observation site was
problematic. The authors have performed an investigation
based on a questionnaire which indicates that the intensity
was 5.6 at around the Tsukidate site. The authors have
reported the ground motion characteristics in Sendai area
based on the observed records during the 2011 Tohoku
earthquake (Ohno and Motosaka, 2011) by the strongg by Elsevier B.V. Open access under CC BY-NC-ND license.
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Fig. 2. Map of damaged sites in Sendai (Image@2012 Terrametrics, Map
data@2012 ZENRIN).
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944930motion network of Disaster Control Research Center,
Tohoku University (Ohno et al., 2004).
Almost all of the damaged buildings were designed in
accordance with the old building code and damaged due to
lack of seismic strength, short column shear failure due to
the source wall and the breast wall, or the eccentricity of
structural elements. Buildings with appropriate seismic
reinforcement/retroﬁt were mostly free of damage, indicat-
ing that the seismic reinforcement/retroﬁt of buildings was
effective. Even so, clear structural damage occurred due to
the ground motion ampliﬁcation. The 8- and 9-story buildings
at Aobayama campus of Tohoku University were damaged
due to ground motion ampliﬁcation in the site. Many pile
foundation buildings were damaged during the earthquake.
With regard to the damage of non-structural elements, a
tremendous number of ceiling board collapsed during the
main shock and the major aftershock. In some cases, this
resulted in the loss of human life.
In this paper, the authors describe characteristic building
damage based on a damage survey (AIJ, 2011), starting
from long-duration ground motion, which resulted in
various types of building damage, for example, damage
to lead damper base-isolation devices and pile foundation
damage accompanied by liquefaction. It is noted that the
long duration of the ground motion resulted in a tremen-
dous number of housing land failures, especially in areas
which are valley-ﬁlled or have a high ground-water level.
The building damage of 8- and 9-story buildings in the
Aobayama campus of Tohoku University and the ground
motion ampliﬁcation in the site are discussed based on the
observation records at the 9-story SRC building of housed
by the Departments of Civil Engineering, Architecture and
Building Science (THU building). The dynamic behavior
of the damaged THU building due to the ampliﬁed ground
motion is also discussed together with the long-term
monitoring of amplitude dependent dynamic characteris-
tics of the building. As an example of speciﬁc building
damage, one of the two pile foundation buildings which
were damaged during the 1978 Miyagi-ken Oki earthquake
(indicated as ‘‘the 1978 Miyagi earthquake’’ in theSendai
Osaki
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Aftershock
2011/04/07
130km
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Fig. 1. Map of EQ. obs. sites and epicenters (Image@2012 Terrametrics,
Map data@2012 ZENRIN).following sections) is addressed. An example of the pile
foundation damage of a building constructed after the
New Seismic Design Code in 1981 is also introduced
(Building Center of Japan, 2012). Examples of damage to
non-structural elements are introduced by detailing inci-
dences of ceiling board drop damage. Finally, the author
addresses the lessons learnt from the 2011 Tohoku earth-
quake for stronger earthquake countermeasures of urban
and building structures.
Fig. 1 is the map of earthquake observation sites and
epicenter of main shock and the largest aftershock of the
2011 Tohoku Earthquake occurred on 7th April in 2012.
Those sites are referred to in the following sections. Fig. 2
is the map of damaged sites in Sendai mentioned in the
following sections.
2. Damage of base-isolated building in relation to
long-duration ground motion
After the 2011 Tohoku Earthquake, damage to a base-
isolated building with a lead damper was reported. Photo 1
shows a hotel building in Furukawa, Osaki City near the
K-NET Furukawa station (MYG006). During this huge
earthquake with its long duration, building structures were
shaken by a huge number of displacement cycles. In this
particular building, the lead dampers were damaged during
the earthquake and were subsequently replaced.
The authors investigated the ground motion characteristics
with consideration of the long duration records at K-NET
Furukawa. Fig. 3 shows the observed acceleration waveforms
and the corresponding Sa–Sd spectra of three components at
the K-NET Furukawa station (MYG006). It is found that the
amplitude of the EW component is larger than the NS
component. Fig. 4 shows the displacement response spectra
in the EW component. The dominant period at around 4 s is
most likely due to the sedimentary basin as is suggested from
the counter map of seismic bedrock depth in Miyagi prefecture
(ref. to Miyagi Prefecture, 2004). Fig. 5 shows the relation
Photo 1. Hotel building with damaged base-isolation devices and damaged lead dampers (a) overview, (b) lead damper as base-isolation device (courtesy
for Nikkei Architecture).
Fig. 3. Observed acceleration waveforms and the corresponding Sa–Sd spectra of three components at K-NET Furukawa station (MYG006).
Fig. 4. Displacement response spectra of observation Record at K-NET
Furukawa (EW-comp).
Fig. 5. Number of displacement cycles for each period.
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944 931between the numbers of displacement cycles and threshold
displacement for various periods of SDOF system with 10%
damping. Note that the SDOF system with 4-s period wasshaken three times with a displacement level of 40 cm and
about ﬁfteen times with the displacement level of 20 cm.
Fig. 6 shows accumulated displacement for various period
of SDOF system. The accumulated displacement is derived
Fig. 6. Accumulated displacement for each period.
Fig. 7. Comparison of accumulated displacement for past major earthquake
records.
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Fig. 9. Geological section of Sendai area along the section A–A0
(Okutsu, 1973).
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M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944932from the result of linear seismic response of SDOF system
deﬁned by Eq. (1).
XTi;h ¼
Z T
0
9xðTi; h; tÞ9dt ð1Þ
where XTi,h is accumulated displacement, x is response
displacement, and Ti is natural period, h is damping factor
of SDOF system, respectively, and t is time. The accumulated
displacement of the 4-s system exceed 20 m and that of the
3-s and 5-s systems reach 17 m.
Fig. 7 shows a comparison of the accumulated displace-
ment for different sites for the 2011 Tohoku earthquake
and the past major earthquake records. For the same 2011
Tohoku earthquake, the value of the Sumitomo site near
Sendai station is 5.9 m for 3 s, and at the Aobayama site,
it is 7.8 m for 3 s. The value of the Takatori site for the
1995 Hyogo-ken Nanbu earthquake indicates 5.5 m for 4 s,
and Kawaguchi-machi for the 2004 Niigata–Chuetsu earth-
quake indicates 3.3 m for 4 s. At the same K-NET Furukawa
station, the value for the 2008 Iwate–Miyagi earthquake is
13 m for 4 s.The information with regard to the numbers of displace-
ment cycles and the accumulated displacement is very
important for discussing the damage of base-isolation
devices, structural and non-structural element of building
structures.
3. Building damage due to site-speciﬁc ground motion
ampliﬁcation in Aobayama Hill in Sendai
3.1. Ground motion amplification and resonance
It is important to investigate the ground motion char-
acteristics at the Aobayama campus of Tohoku University
on a hill zone where some 8- and 9-story buildings
were severely damaged. The ground motion ampliﬁcation
compared to Sumitomo building near Sendai station which
is on the diluvium terrace was investigated for the 2011
Tohoku earthquake and the 1978 Miyagi earthquake.
Fig. 8 shows the surface topography of the Sendai area.
Fig. 9 shows geological section in the EW direction
through Aobayama hill (Okutsu, 1973). A level difference
of about 120 m is noted between the Aobayama THU
building site and the Sumitomo building site. Site-speciﬁc
ground motions at Aobayama compared to Sumitomo
have been investigated for various earthquakes (Tsamba
and Motosaka, 2012).
One of the damaged buildings was the 9-story building
which housed the Departments of Civil Engineering and
Architecture, in the Faculty of Engineering at Tohoku
University (the THU Building). The features of the building
damage and the related dynamic behavior are described later.
Fig. 10 shows the acceleration waveforms in the NS
direction (transverse direction) at the 1st ﬂoor and the top
(9th) ﬂoor of the THU building for the 2011 Tohoku
earthquake and the 1978 Miyagi earthquake.
Fig. 10. Comparison of acceleration records at 1st ﬂoor (left) and 9th ﬂoor (right).
Fig. 11. Site speciﬁc ground motion spectral ampliﬁcation in Aobayama.
Fig. 12. Spectral Ampliﬁcation in the THU building for the 2011 and
1978 earthquakes.
Photo 2. Overview of THU building.
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944 933Fig. 11 shows the site-speciﬁc ground motion spectral
ampliﬁcation of the NS direction in Aobayama for the two
earthquakes, the 2001 Tohoku and the 1978 Miyagi eart-
hquakes. Fig. 12 shows the spectral ampliﬁcation of NS
direction in the THU building for the two earthquakes. It
is noted that the ampliﬁcation characteristics of the 1st
phase (phase A) and the 2nd phase (phase B) are different.
As indicated in Fig. 11, the ampliﬁcation at Aobayama
campus was twice that of the Sumitomo building at around
1-s period content. It is noted that the effect of the phase
B considerably contributes to this ampliﬁcation (refer to
Tsamba and Motosaka, 2012). The ampliﬁcation charac-
teristics are almost the same as those of the 1978 Miyagi
earthquake and the THU building was strongly ampliﬁed
by resonance (refer to Fig. 12).
3.2. Description of the building damage and observed strong
motion
The THU building is a 9-story SRC (non-full web type)
building (refer to Photo 2 and Fig. 13) constructed in 1969,
which therefore experienced the 1978 Miyagi earthquake.
The building was constructed on the slope site and has a
foundation with RC cross piles (500j). The pile length was
12 m. The soil proﬁles at the site are provided in Fig. 14.
In the THU Building, the long-term monitoring of
dynamic characteristics has been performed by strongmotion observation, forced vibration test, microtremor
observation, etc, for the 40 or so years since the building
was completed in 1969 (Motosaka et al., 2004; Motosaka
et al., 2011). After experiencing some structural damage
due to the 1978 Miyagi earthquake (Shiga et al., 1981),
seismic retroﬁt work was performed from the autumn of
2000 to the spring of 2001. It is noted that the seismic
strength index, Is-value at the damaged 3rd ﬂoor in the
transverse direction increased from 0.53 to 0.84. Since
then, the building experienced the 2005 Miyagi-ken Oki
earthquake, the 2008 Iwate–Miyagi Nairiku earthquake,
and the 2008 Iwate Northern Coast earthquake, among
others.
Photo 3 shows the damaged THU Building. The build-
ing was heavily damaged at the bottom of four corner
columns. The severe crack in the side shear wall was
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944934possibly due to partial uplifting at the level of third ﬂoor
(Tsamba and Motosaka, 2011).
The observed acceleration waveforms of the three compo-
nents at 1st ﬂoor and 9th ﬂoor are shown in Fig. 15. The
conﬁguration of the building and sensor locations are shown
in Fig. 16. In the building, an SMAC-MD type seismometer
was installed on the 1st and 9th ﬂoors. From December
2007, a continuous monitoring system (NetDAS/MicroSMA)33
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Fig. 15. Observed records during the main shock. (a) 1st ﬂoor and (b) 9th ﬂoor.
Damage of corner column bottom East view Damage of shear wall 
 at the 3rd floor level 
Photo 3. Damage feature of bottom of one of the damaged four corner columns of THU building.
Fig. 17. Relative displacement waveform and hysteresis loops for each time section (NS-direction).
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944 935with sensors at 1st, 5th and 9th ﬂoors was in operation
(Motosaka et al., 2008). The system enabled measurements to
be taken from microtremors as well as strong motion.
3.3. Dynamic hysteretic behavior
To investigate the dynamic hysteretic characteristics, the
acceleration records at 9th and 1st ﬂoors are doubly integrated
and the relative displacement is calculated. The maximum
relative displacement is 31 cm in NS direction.
Fig. 17 shows the apparent dynamic hysteresis for the 16
time sections. In the each time section, the hysteresis is
plotted by taking 9th ﬂoor’s absolute acceleration in the
vertical axis and the relative displacement between 9th and1st ﬂoors in the horizontal axis. Findings from this ﬁgure
are as follows:
Floors are doubly integrated and the relative displace-
ment is calculated. The maximum relative displacement is
31 cm in the NS direction.
Fig. 17 shows the apparent dynamic hysteresis for the 16
time sections. In each time section, the hysteresis is plotted
by taking the absolute acceleration at the 9th ﬂoor in the
vertical axis and the relative displacement between the 9th
and 1st ﬂoors in the horizontal axis. The ﬁndings from this
ﬁgure are as follows.(1) Starting from linear behavior at smaller amplitude level,
the hysteresis shows an inverse S shape slightly as
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944936recognized in section 5. Then the behavior is linear, but the
stiffness is much lower in section 6 compared to section 1.(2) With increasing displacement, the hysteresis shows
softening and the hysteretic loop is recognized only
for the larger displacement level. The hysteresis shows
origin oriented behavior, as can be seen in section 7.(3) As the displacement decreases, the hysteresis shows a
characteristic inverse S shape in section 9. Although the
amplitude decreases from section 9 to section 10, no
corresponding reduction in stiffness is noted, which is
consistent with almost all the same dominant frequencies
in these time sections.(4) The decreasing displacement gradually returns to linear
behavior with a much reduced stiffness in sections 13–16
compared to section 6. The stiffness change is consistentFig. 18. Identiﬁed damping factor and natural frequency (a) NS (with microtremor observations before and after the
earthquake.3.4. System identification
To investigate the non-stationary dynamic characteristics
due to structural non-linearity, a system identiﬁcation tech-
nique using the extended Kalman ﬁlter is used to determine
the natural frequency and damping factor, much like the
SDOF system (Takatashi et al., 2010).
Fig. 18 shows the results of the identiﬁed system para-
meters, the natural frequency and the damping factor in the
NS direction and the EW direction, respectively. In these
ﬁgures, the calculated relative displacement waveform is
compared to that obtained from observed records. As fortransverse) direction (b) EW (longitudinal) direction.
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944 937the identiﬁed system parameters, the natural frequency and
damping factor, smoothed curves are shown in these ﬁgures.
Findings from the system identiﬁcation results are as follows.1) In the transverse (NS) direction, the dominant fre-
quency goes down to about 0.8 Hz with increasing
amplitude and the dominant frequency does not change
even when the amplitude decreases.2) The damping factor in the transverse direction increases
when the amplitude increases in the time section 7 in
Fig. 15. At the time sections characterized by an inverse
S type hysteresis, the damping factor decreases with
increasing amplitude.3)Fig. 19. Acceleration waveform at 9F and wavelet transform.In the longitudinal (EW) direction, the dominant
frequency decreases to about 0.9 Hz but returns to
about 1 Hz when the amplitude level becomes small.4)Fig. 20. Wavelet transforms of acceleration in the vertical direction at
(a) 9F and (b) 1F.The smoothed damping factor in the longitudinal direc-
tion seems to be larger than in the transverse direction.
This may be due to a difference in the hysteretic energy
consumption.
3.5. Investigation of uplifting vibration
In case of structural vibration with partial uplift, odd
numbers of higher harmonics were induced in the hor-
izontal directions and even numbers of higher harmonics
were induced in the vertical direction (Motosaka and
Nagano, 1993).
Fig. 19 shows the non-stationary characteristics expressed
by wavelet coefﬁcients of the 9th ﬂoor’s acceleration wave-
forms in the transverse direction for 10 sec time sections,
including the peak value. Fig. 20(a) shows the wavelet
coefﬁcients of 9th ﬂoor for the vertical direction. Fig. 20(b)
is the wavelet coefﬁcients of 1st ﬂoor for the vertical
direction. Findings from these ﬁgures are as follows.1)NorthThe dominant frequency corresponding to two times
frequency (about 2 Hz) of the vertical direction is
clearly seen in the large amplitude range corresponding
to the time sections from 7 to 9. No dominant frequency
was seen at the 1st ﬂoor.Photo 4. Collapsed two buildings in Oroshi-machi, Wakabayashi-ku, Sendai.2) This suggests the occurrence of partial uplift of the
damaged building at the 3rd ﬂoor.
4. Status of the damaged area during the 1978 Miyagi
earthquake
One of the damaged areas during the1978 Miyagi
earthquake was Oroshi-machi in Wakabayashi-ku, Sendai
City, which is located on the alluvial plain. It was more
severely shaken during the 2011 Tohoku earthquake than
the Sumitomo site near Sendai station, which is located on
a diluvium plateau.
In the Oroshi-machi area, only two buildings among 338
buildings in total collapsed during the 3/11 main shock, but
that number increased to 5 due to the 4/7 severe aftershock,which had a magnitude of 7.2 and its hypocenter at
Miyagi-ken Oki with a depth of 66 km.
Considering many buildings that were heavily damaged
during the 1978 Miyagi earthquake, the buildings in this area
were clezarly much stronger; thanks to the new building code
and seismic reinforcement/retroﬁtting. Photo 4 shows the two
buildings which collapsed during the main shock. Both were
constructed in 1969 and experienced the 1978 Miyagi earth-
quake. It is important to estimate the accumulated damage.
Both the collapsed buildings were damaged in NS direction,
which is consistent with the ground motion characteristics in
Fig. 21. The author conﬁrmed through the eye witness
accounts of the survivors who were on the 1st ﬂoor of the
Fig. 21. Comparison of observation records and response spectra in the two horizontal directions at Oroshimachi.
Tilted by 1/56 during 3.11 main shock and 
extended to 1/45 after 4.7 after shock 
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944938building on the left in Photo 4 thatthe building did not
collapse during the ﬁrst phase (phase A) but during the
second phase (phase B).Build.B 
Gap
Build.A 
Photo 5. Inclined 14-story SRC pile foundation building; (left) overall
view, (right) opening of expansion point part.
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in 1978Building B
Building A
44, 000
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N
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Fig. 22. Schematic plan of S-Building.5. Damage of pile foundation buildings
5.1. Investigation of the two damaged pile foundation
buildings during the 1978 Miyagi earthquake
The authors inspected the two buildings which experienced
damaged pile foundations during the 1978 Miyagi earthquake
immediately after the 2011 Tohoku earthquake. One is a 14-
story SRC building used as a condominium (S-Building) and
the other is an 11-story SRC building used for municipal
housing (N-Building). The features of the damage to these two
buildings in 1978 are described in depth in Shiga (1980). The
former was further damaged during the 2011 Tohoku earth-
quake, but the latter was not damaged due to retroﬁt work on
the damaged foundations after the 1978 Miyagi earthquake.
Photo 5 shows the 14-story condominium SRC building
(S-Building), which consists of two buildings arranged in an
L-shape. Both of them are SRC 14-story buildings sup-
ported by pile foundations. The pile length of the PC piles
used is 24 m. Both buildings are about 40 m in height.
Construction of the buildings was completed in 1976, and
they both incurred earthquake damage during the 1978
Miyagi earthquake. It was reported that seven piles were
inspected and two of the seven piles were repaired but not
reinforced at that time (Shiga, 1980). One of L shaped two
buildings (ref. to Fig. 22), connected by exp. joint each
other, was inclined by 1/56 due to the 3/11 main shock and
the inclination was extended to 1/45 due to the 4/7 after-
shock. The soil conditions of the site are referred to Fig. 23.
Fig. 24 shows the gap between two Building A and B at
each ﬂoor level. Fig. 25 shows the subsidence measurements at
11 points. The measured values in meters (shown in blue) are
the relative elevation from the reference point. In the inclined
right building, the level differences are 31 cm for the 14 m arm
length in the west (No. 10 and No. 11) and center (No. 4 and
No. 3), which are consistent with the inclination angle of 1/45.
This subsidence measurement suggests pile failure in the south
side due to dominant ground motion in the NS direction.
The state of the damaged buildings is shown in Photos 6
and 7. Photo 6 shows the gap between the building A and B
at the 14th ﬂoor, a gap of over 1000 mm. Large width shearcracks are observed in almost all the non-structural walls
facing the corridors and balconies as shown in Photo 7.
This phenomenon was also observed in the damage by the
1978 Miyagi earthquake.
The authors performed microtremor measurements in
the S-Building in order to estimate the transfer function
between the 14F and the 1F. The estimated amplitude
ratios between the 14F and1F are shown in Fig. 26. The
ﬁgures on the left are the results for building A, and those
on the right are those for building B. The amplitude ratios
of building A show the peaks around 1 Hz with a relatively
wide range. Especially, the peak in LN direction split into
Fig. 24. Measured gap between the building A and B.
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Fig. 25. Measurement of subsidence of the damaged building (unit: m).
Photo 6. Gap between the buildings at the 14th ﬂoor.
Fig. 23. N-value distribution and estimated S-wave velocity of the site of S-Building.
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944 939two peaks around 1 Hz. The LN direction also shows a
second peak between 3 Hz and 4 Hz.
The amplitude ratios of building B have clear peaks
around 1 Hz in both horizontal directions. In the LN
direction, there is a second peak between 3 Hz and 4 Hz,
and a peak is also seen at that point for building A. More
precisely, one peak appears around 1 Hz in the TR
direction, whereas two peaks around 1 Hz and between
3 Hz and 4 Hz appear in the LN direction. This result can
be interpreted as follows. Building B clearly behaved as an
SDOF system, with rocking motion predominant in the
TR direction. According to the state of the damage around
the foundations of both buildings, it can be assumed that
the piles of building A have been severely damaged at thepile heads or the joint at foundations. Severe damage was
not observed in the superstructures of building A or B.
However, in the process of demolishing the superstructure,
shear cracks below 1 mm were apparent on the shear walls
of building B. In other words, the piles have been severely
M. Motosaka, K. Mitsuji / Soils and Foundations 52 (2012) 929–944940damaged in building A, and as a result of this damage,
the superstructure escaped from strong shaking and was
largely undamages. On the other hand, since the damage to
the piles of building B was slight, a moderate amount of
damage was done to the superstructure of the building.Fig. 26. Amplitude ratios between
Photo 8. Overview of N-Building.
Photo 9. Retroﬁtted foundation after the 1978 earthquake.
Photo 7. Damage to a non-structural wall.On the other hand, the N-Building with retroﬁtted
foundations was not damaged during the severe shaking
experienced during the 2011 Tohoku earthquake. Photo 8
shows overview of the N-building, which comprises two
buildings in an L-shaped layout. Building A was inclined by 1
degree (1/60) during the 1978 Miyagi earthquake, and after-
wards, jack-up work was carried out, and retroﬁt work was
done. A foundation beam with a height of 1400 mm and
piers were constructed as retroﬁt work as shown in Photo 9.
5.2. Other specific damage of pile foundation buildings
Photo 10 shows a damaged 4-story RC building with pile
foundations (K-building) which was constructed after the
New Building Code in 1981. This building was inclined to
south by 1/30 due to pile damage. The pile length is 24 m. No
damage was recognized in the superstructure. The building
was constructed in 1983 after execution of the new building14F/1F of buildings A and B.code. Liquefaction was noted in the surrounding soil. It should
be pointed out that the building is located in Oroshimachi
area. The ground motion of this area is presented in Fig. 21.
The directionality of the damage is consistent with the ground
motion characteristics.
Photo 11 shows the damaged pile foundations of a junior
high school building in the Furukawa area in Osaki City. The
school building was subsided by 60–70 cm and tilted by 1/30.
Surrounding the school building, liquefaction occurred in the
soil. The subsided school building was constructed in 1978
under the old building code. The pile length is 20 m.5.3. Damage to a pile foundation building constructed on
valley- filled housing land with an inclined supporting soil
layer
A 5-story RC building (T-Building) with a pile foundation
constructed in a valley-ﬁlled housing land was damaged. The
building, with plan of 9.3 m 106 m (only one span (9.3 m)
in the transverse direction and with 16 spans for each 6.45 m
in the longitudinal directions), was constructed in 1971 on a
steep slope near the border of the cut and ﬁll part of the
housing land, as shown in Fig. 27. Photo 12 shows overview
of the T-Building, which comprises a housing building and
three stair buildings. Fig. 28 provides a schematic ﬁgure of
the plan and section. The two stair buildings A and C have a
Photo 11. Damaged school building (left) overview (right) liquefaction of surrounding soil.
Photo 10. Inclined 4-story RC pile foundation building; (left) overview (center) subsided bottom part of the south east corner column, and (right)
uplifting of the foundation in the north side.
Fig. 27. Location of T-Building on the cut and ﬁlled soil map of the large-
scale housing land (courtesy of Kokusai Kogyo, Inc.).
Photo 12. Overview of T-building.
Photo 13. Damaged to the inclined stair building C and its bending crack
at the bottom.
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axis in the direction. The housing building and each stair
building was separated by expansion joints with 10 cm
clearance. The pile length is quite different in the NS
direction due to the steep slope of the supporting layer of
ﬁle foundation. It is noted that the ground ﬂoor with long
length of 106 m had a 1.1 m level deference at the center of
the building but was not separated.
During the 2011 Tohoku earthquake, the ground motion
with strong directionality in the NS direction resulted in
damage to the weak axis in the NS direction of the stair
buildings A and C, which were inclined by 1/50 and 1/30,
respectively (Photo 13). Stair building B was not inclined.
In the housing building, damage to the foundations at the
center with a lever difference (Photo 14), and damage to
Stair
Building
6m12m
16m
Housing Building
Directionality of ground motion
Inclination by 1/50 Inclination by 1/30No inclination
Stair Build. C
Stair Build. B
Stair Build. A
1.1m level difference
Structural beams 
were damaged
Fig. 28. Schematic ﬁgures of the plan and section of the T-Building.
Photo 14. Damage to the stepped part of the long foundation.
Photo 15. Damaged structural beam.
Photo 16. Damaged non-structural wall.
Photo 17. The damage features of fallen ceiling boards at a culture center
hall in Sendai.
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east from the 2nd to 4th ﬂoor (Photo 15) occurred. Also, a
severe shear crack was noted in the non-structural walls
(Photo 16). The relative displacement between the build-
ings and also the induced displacement in the long ﬂoor
length was evaluated. Consideration needs to be given to
whether such long foundations should be divided into two
different foundations.6. Non-structural damage–falling ceiling boards
Much of the non-structural damage during the 2011
Tohoku earthquake consisted of falling ceiling boards, parti-
cularly in large span structures like culture halls and large
stores. The deaths of four persons during the 2011 Tohoku
earthquake has been attributed to falling ceiling boards.Photo 17 shows the damage features of a collapsed
suspended ceiling board at a culture center hall in Sendai.
The author inspected and investigated the vibration char-
acteristics based on microtremor observations at this hall.
Fig. 29 shows the Fourier spectra at the centre of the roof of
the building. It is noted that vertical motion is induced at the
roof due to horizontal input motion. In the design of the
ceiling boards, the system should have taken the induced
vertical motion into account and ensured there was sufﬁcient
clearance for horizontal motion. Judging from the damage
features, the collapse of the ceiling appears to have been
due to a lack of strength in the vertical motion and the
unexpected collision between hanging bold and equipment,
such as air conditioning ducts. The building standards for
the vertical load of the ceiling board system need to be
reconsidered, especially for large span structures and also for
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Fig. 29. Dominant frequencies based on microtremor measurements at
the center of the roof at the damaged culture center hall in Sendai.
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motion which continues for a long duration, and also due to
the many aftershocks that accompany such ground motion.
It is also important to recognize that the response of the
ceiling board is affected by the vibration characteristics of the
earthquake supporting soil and structures, including the roof
slab. If resonance phenomena occur, the applied earthquake
force is signiﬁcantly large. In the case of larger ceiling boards
with an area of more than 1000 m2, a ﬂoor response spectral
method is needed. It is also important to consider that ceiling
board system behaves as the bending board supported by
springs and vibration energy should not be propagated
horizontally (Motosaka, 2006).
7. Conclusions
In this paper, the damage incurred by buildings during the
2011 Tohoku earthquake (M9.0) is described in relation to
ground motion characteristics. Buildings with appropriate
seismic reinforcement/retroﬁt were mostly free of damage,
which indicates the effectiveness of the seismic reinforcement/
retroﬁtting. There was, however, structural damage caused
by ground motion ampliﬁcation. The following learning and
lessons from the 2011 Tohoku earthquake need to be
addressed in order to establish stronger earthquake counter-
measures for urban building structures.1) Seismic microzoning is required, with the ground motion
difference due to geological conditions taken into
consideration.2) The place for setting the seismometer and the method
for putting it into place needs to be reconsidered.3) The safety of structural elements for a large number of
displacement cycles due to the long-duration earthquake
and repetition due to aftershocks needs to be evaluated.4) The non-stationary nature of ground motion and the
nonlinearity of the building for the huge earthquake
need to be considered.5) A total balance of the structural elements, the non-
structural elements, and the equipments needs to be
established. Also, the balance of foundation and the
superstructure for the synthetic seismic performance of
the whole building needs to be achieved.6) The residue performance of buildings damaged by past
earthquakes and this earthquake needs to be evaluated.
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